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RufﬂingFilopodia are sensors on both excitable and non-excitable cells. The sensing function is well documented in neu-
rons and blood vessels of adult animals and is obvious during dorsal closure in embryonic development. Nerve
cells extend neurites in a bidirectional fashion with growth cones at the tips where ﬁlopodia are concentrated.
Their sensing of environmental cues underpins the axon's ability to “guide,” bypassing non-target cells andmov-
ing toward the target to be innervated. This review focuses on the role of ﬁlopodia structure and dynamics in the
detection of environmental cues, including both the extracellular matrix (ECM) and the surfaces of neighboring
cells. Other protrusions including the stereocilia of the inner ear and epididymus, the invertebrate Type I
mechanosensors, and the elongated processes connecting osteocytes, share certain principles of organization
with theﬁlopodia. Actin bundles, whichmay be inside or outside of the excitable cell, function to transduce stress
from physical perturbations into ion signals. There are different ways of detecting such perturbations. Osteocyte
processes contain an actin core and are physically anchored on an extracellular structure by integrins. Some Type
Imechanosensors have bridge proteins that anchormicrotubules to themembrane, but bundles of actin in acces-
sory cells exert stress on this complex. Hair cells of the inner ear rely on attachments between the actin-based
protrusions to activate ion channels, which then transduce signals to afferent neurons. In adherent ﬁlopodia,
the focal contacts (FCs) integratedwith ECM proteins through integrinsmay regulate integrin-coupled ion chan-
nels to achieve signal transduction. Issues that are not understood include the role of Ca2+ inﬂux in ﬁlopodia dy-
namics and how integrins coordinate or gate signals arising from perturbation of channels by environmental
cues.
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Relation of factor values for protrusions to morphology of the cell edge.
Unbiased class Value increases with increases in
Factor #4 Prevalence of ﬁlopodia
Factor #5 Centripetal mass distribution
Factor #7 Prevalence of nascent neurites
Factor #16 Features more massive than ﬁlopodia but pointed1. Introduction
1.1. Protrusions and their properties
1.1.1. Protrusion classes
Cell protrusions are essential formotility, chemotaxis, and haptotaxis.
Three protrusion archetypes are commonly recognized in culturedmam-
malian cells. They differ in size and shape aswell as in their physiological
characteristics. Pseudopodia-like protrusions called lamellipodia are
found at the leading edge of the cell and typically form a shallow arc at
the most distant point from the cell center. In the motile cell, the
lamellipodium is extended in the direction of travel. However, the
movement itself proceeds by periodic protrusion and retraction, with
the degree of retraction typically less than that of the protrusion [1].
The edge of the cell, both at the lamellipodium and elsewhere, is charac-
terized by dynamic rufﬂing activity. In rufﬂes, the actin ﬁlaments extend
upward from the edge, i.e., perpendicular to the surface of the culture
dish. Previous studies reported that lamellipodia and rufﬂes are altered
in oncogenically transformed cells. Some investigators found that
lamellipodiawere formed inmultiple quarters of the cell [2], and rufﬂing
was generally enhanced in transformed cells [3,4]. A third protrusion ar-
chetype is the ﬁlopodium, a small, tapering structure with a sharp tip at
the distal end. In metazoan cells, ﬁlopodia are sensors of the microenvi-
ronment [5]. In the growth cone, a single ﬁlopodium making contact
with a more adhesive substrate is able to set the direction of neurite ex-
tension [6].
Since the above features are loosely deﬁned, a single physiological
protrusion is inevitably called different names by different investigators.
In addition, different protrusions can be named the same thing in differ-
ent laboratories. The problems posed by this semantic “free-for-all” be-
come apparent when a fourth type of protrusion, the neurite, is
considered. Neurites are often deﬁned as protrusions whose length ex-
ceeds twice the cell diameter. If this is taken as a physiological deﬁni-
tion, however, it gives rise to the reductio ad absurdum argument that
a short precursor of the neurite cannot exist. The problems have been
addressed more recently by giving features a deﬁnition based on quan-
titative data. Amethod of sampling shape geometries in 3Dwas used to
generate values for many variables including: a) measures of positive
curvature, e.g. bending energy, b) measures of contour length in posi-
tive and negative curvature, c) relationship of the contour to derived
model ﬁgures, e.g. ellipse of concentration or a ﬁgure formed by
connecting the nearest or farthest points of the contour (“shrink-
wrap”), d) dimensions of each protrusion modeled as a triangle, and
e) measures of the area included in or excluded from the model ﬁgures.
The methods are described in previous publications [7–12].
There aremethods of aggregating variables that do not rely upon any
prior assumptions about the statistical distribution of the data. When
data are collected about cell geometry and then evaluated by factor
analysis, one obtains unbiased classes or features. The resulting vari-
ables, latent factors, corresponded to different cell features including
four protrusions. The relationship between factors' values and protru-
sion characteristics is deﬁned in Table 1. The smallest features, indexed
by factor #4, corresponded to ﬁlopodia [8,13]. Although the rufﬂe is rec-
ognizable by eye in most cultured cells, this feature was not extracted
from the primary data by unbiased classiﬁcation. When correlations
among the features, including rufﬂes,were analyzed, the results showed
that rufﬂes could originate frommultiple factors. Factor #4 values were
inversely correlated to rufﬂing, whereas rufﬂing tended to increasewith
increases in factor #5 [13]. By deﬁnition, variables generated by factoranalysis are independent, and indeed, the data show that the formation
and turnover of each of the protrusion types are distinct, suggesting that
they are irreducible features [9,10,12,14]. Since the rufﬂe lacked such in-
dependence, it would not have been extracted as a latent factor.
How do the mathematical factors correspond to features known
from conventional morphological studies, such as the above arche-
types? Here, we reveal distinctions among the unbiased classes by illus-
trating cells in which one protrusion class is high and the others low, as
shown in Fig. 1. To simplify the presentation, only the three classes that
account for a high proportion of overall variance in the data are illustrat-
ed. Factor #4 clearly corresponds to ﬁlopodia. The classiﬁcation also
yielded a strap-shaped or triangular-shaped feature with bulkier di-
mensions. This feature, factor #7, was identiﬁed as a nascent neurite
[12,14]. The remaining factors, #5 and #16, are less well understood.
Factor #5 values depend on mass distribution around the cell center.
Despite their distinct identities, there is little doubt that both #5 and
#7 features would be called lamellipodia on a descriptive basis. The
physiological distinction is important, however. A neurite is formed by
the cell without cycles of protrusion and retraction and rarely involves
locomotion of the whole cell. In contrast, the lamellipodium is associat-
ed with recurrent extensions and retractions of the leading edge, and it
facilitates locomotion of the whole cell.
1.1.2. Subjectively deﬁned classes
Both lamellipodia and ﬁlopodia depend on the polymerization and
depolymerization of actin ﬁlaments. The ﬁlaments in ﬁlopodia intersect
with the membrane at angles greater than 60° and are formed into a
paracrystalline array by the actin-binding protein, fascin [15,16]. In con-
trast, ﬁlaments in lamellipodia are thought to intersect the plasma
membrane at a mean angle of 50° [17], although angles up to 90° have
been reported [18]. In dynamic studies, the two types of protrusions
are distinguished by the speed of process formation and retraction. The
larger protrusions move outward by 30–100 nm/s (1.8–6.0 μm/min)
and the smaller by 100–200 nm/s. In the nerve growth cone, the
ﬁlopodiamay protrude at 500–700 nm/min (~0.1 μm/s). Speeds ranging
as high as 3 μm/min or more have been observed, with most of
the variation caused by differences in the rates of actin ﬁlament assem-
bly [19,20]. The protrusions respond differently to osmolarity, as
lamellipodia expand faster in hypotonic and ﬁlopodia faster in hyperton-
ic media [21] (reviewed in [22]). Lamellipodia expansion occurs some
20 s before maximal actin subunit addition [23], which supports previ-
ous suggestions that lamellipodia are driven by cycles of solation, osmot-
ic expansion, and re-gelation of the actin ﬁlament network [22].
Filopodia dynamics depend on diffusible cues from the environment as
well as the nature of the substrate to which they adhere, as discussed
below in Filopodia dynamics and Filopodial FCs. There is a possibility
that cues such affect other protrusions but, if so, there is little indication
of how the cues regulate their dynamics.
The knowledge of actin ﬁlament dynamics can be ﬁt into a theoret-
ical model that is consistentwith physiological aspects discussed above.
Fig. 1. Contours from cells with a high representation of one edge feature but low representation of others. A) High factor #4, B) high factor #5, C) high factor #7, and D) table showing
factor values for the contours pictured. It should benoted that variables used to construct factor #4 values are entirely conﬁned to the cell edge, and its values are based on the outline of the
cell edge. Values of factors #5 and #7 are based in part on information from higher portions of the cell, but the edge contour supplies most of the information for the values. For simplicity,
factor #16 values are not considered in this presentation.
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in a centripetal direction at the rate of ~0.5–3.8 μm/min [24–27]. Mono-
mers are added onto the kinetically plus or ‘barbed’ end of the ﬁlament,
which is attached to an actin-binding protein or lipid raft. In a process
called treadmilling, subunits are removed at the opposite end (pointed
end), i.e. centripetally. The removal can be inhibited by treating cells
with jasplakinolide, which inhibits ﬁlament depolymerization at the
rear of the lamellipodium. This causes a slowing of actin polymerization
and centripetalﬂowbecause of a dearth of subunits for plus-end addition
[1]. The rapid treadmilling of ﬁlaments is characteristic of the cell edge or
lamellipodium. Since actin-related protein 2/3 (Arp 2/3) seeded actin
monomer addition (see below), polymerization could be initiated on
Arp 2/3, which then remained in the actin ﬁlament until its subunits
were dissociated [26]. Actin polymerization also occurs in a distinct
zone, called the lamellum, which differs in the organization of ﬁlaments
[28–30]. It contains bundles of actin ﬁlaments that undergo a slower ret-
rogrademovement than in the lamellipodium [31,32] (reviewed in [33]).
In the interface, known as the transition zone, the dendritic network of
actin is partially depolymerized and reorganized into bundles [18,29,34].
1.1.3. Drivers of protrusion physiology
Each type of protrusion is affected by one or more Rho-family
GTPases. The mechanisms include the regulation of actin-binding pro-
teins and constituents of the FCs, and other less well-known mecha-
nisms. The GTPases affect the type and persistence of protrusions, as
well as the subcellular locationwhere they are initiated. Themechanisms
include activation of Rho kinase by Rho family GTPases as well as other
downstream effects such as myosin activation. Among the functions of
Rho family GTPases is the activation of the c-Jun N-terminal kinase
(JNK), which activates the transcription factor, Jun [35]. The overall sig-
niﬁcance of these networked pathways has yet to be elucidated, in part
because of the vast variety of GTPases and their regulators in different
cell types. FC growth and stability appear to be driven by selective activa-
tion of RhoA and not of Rac1 and Cdc42. In contrast, Rac and Cdc42
isoforms are implicated in both FC formation and turnover. Each isoform
is subject to regulation by speciﬁc partners, i.e. guanine nucleotide ex-
change factors (GEFs), GTPase-activating proteins (GAPs), and guaninenucleotide-dissociation inhibitors (GDIs). Moreover, the activation and
inactivation of the GTPases are temporally and spatially restricted. Final-
ly, cytoskeleton has a complex relationship to vesicle trafﬁcking regulat-
ed by Rab and Arf (ADP-ribosylation factor) GTPases.
Despite this complexity, the fundamental process of seeding ﬁlament
growth on themembrane iswell understood. Following Cdc42 activation
of Wiskott–Aldrich syndrome protein (WASP), a ﬁlament could be initi-
ated by Arp2/3 which is a heterodimeric complex of Arp2 and Arp3. Ac-
tivated Arp2/3 has a structure resembling the triplet of actin monomers
that is ordinarily required to seed monomer assembly [36], and it initi-
ates a daughter ﬁlament on the side of an existing ﬁlament. An Arp2/3-
activating protein of theWASP family, called verprolin-homologous pro-
tein (WAVE), initiated ﬁlaments by a Cdc42-independent mechanism.
Rac-binding protein Pir121 (p53-inducible mRNA) was thought to re-
lease WAVE from a multiprotein complex to bind Arp2/3 (reviewed in
[37]). Like Arp2/3, WAVE remained in the ﬁlament until its subunits
were dissociated by treadmilling [26]. Thus, the mechanisms for seeding
the ﬁlament can draw upon activated Cdc42 or Rac.
There are several models for WASP- or WAVE-mediated ﬁlament
branching. In the ﬁlopodium, WASP homolog, neural WASP (N-WASP),
was originally thought to unfold at a membrane site enriched in
phosphatidylinositol 4,5-bisphosphate (PIP2) and then recruit Arp2/3
[38]. This mechanism of Arp2/3-initiated ﬁlament growth is found in
the motile intracellular Vacinnia virus, where adaptors, Nck or Grb2,
bind to the viral A36R protein and recruit WASP-interacting protein
(WIP) and N-WASP to nucleate actin polymerization [39]. PIP2 appears
essential [40]. There is additional evidence suggesting that Nck, an
N-WASP-binding protein, can participate in ﬁlopodia formation [9].
Recently Ahmed and coworkers described a mechanism whereby a Bin-
Amphiphysins-Rvs (F-BAR) protein, transducer of Cdc42-dependent
actin assembly (TOCA-1, synonym FNBP1), formed ﬁlopodia in an
N-WASP-dependent fashion. The Cdc42 binding site of TOCA-1 was
essential [41]. Since the curvature induced in the membrane by F-BAR
domain proteins is concave, however, their role in ﬁlopodia formation
is less obvious than that of inverse-BAR proteins (see Structural
components of ﬁlopodia). Although TOCA-1 links ﬁlopodia to endo-
some formation [41], the mechanism is not understood.
Fig. 2. Repulsive and attractive interactions in axon pathﬁnding. A) Repulsive interaction.
When the cell contacts the target, the forward momentum of the growth cone is halted.
The movement of the veil/lamellipodium resumes at the right or left of the contact site.
As a result, the growth cone turns aside. The formation and turnover of FCs within the
ﬁlopodium are correlated with its behavior during this interaction. B) Attractive interac-
tion. The cell contacts a stationary target and binds tightly to it.
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plex exploited by pathogens fails to explain some key observations. De-
letion of N-WASP and Cdc42 genes inmouse embryos and ﬁbroblastoid
cells respectively did not abolish ﬁlopodia [42,43], nor was N-WASP de-
tectable in ﬁlopodia [44]. Arp2/3 appeared to participate inﬁlopodia ini-
tiation but not elongation [45]. Its role is at best inconsistent, as Arp2/3
knockdown variously fails [46] or succeeds in inhibitingﬁlopodia [47] in
different model systems. It is also possible that the effect of PIP2 is in-
consistent, because there is evidence to suggest that conversion of
PIP2 to phosphatidylinositol (3,4,5)-trisphosphate (PIP3) increases
ﬁlopodia [48]. Enteropathogenic Escherichia coli acquires intracellular
motile properties by clusteringNckmolecules on a 12-residue phospho-
peptide of the translocated intimin receptor (Tir) protein [49]. Here, the
role of Nck is to bind the phosphopeptide and recruit N-WASP. Clearly,
the discrepancies betweenmodel systems and cells suggest that speciﬁc
assembly mechanisms may pertain to some actin-based structures but
not others. Cooperative interactions among several subsets of compo-
nents may serve to initiate ﬁlopodia formation.
Filopodia are used to explore the microenvironment, including both
the ECM and the features of other cells. This is illustrated by their role in
embryonic development, e.g. during dorsal closure and ventral enclo-
sure, where they sense the nature of cell surfaces during pairing across
the gap (see below, Structural components of ﬁlopodia). Their role may
include not only sensing the ligands present in the environment, but
possibly chemoattractant gradients as well. Such functions are best un-
derstood for tissues where the protrusions are large and/or concentrat-
ed in a predictable location. Although postsynaptic ﬁlopodia can also
show target recognition [50], the role of the ﬁlopodia in signaling is
best understood in axon pathﬁnding. This process, also called guidance,
involves the nerve cell threading its axon through various tissues to-
ward the target that is destined to be innervated by it. The growth
cone advances in the direction dictated by the ﬁlopodia and the ‘veil’,
which is the lamellipodia equivalent in the growth cone. The ﬁlopodia
are formed by an inﬂux of cytoplasm into an area designated by an
actin patch on the cell edge [51]. At the base of these ﬁlopodia is a
novel organelle, the actin focal ring, which is assembled with recruit-
ment of focal adhesion components. A vinculin-containing FC is posi-
tioned underneath the actin focal ring. This FC is constant in the
structure and is needed to organize the bundled actin. It may engage
the actin ﬁlaments radiating from the actin focal ring as well as those
composing the core [52]. Another FC at the ﬁlopodia tip was essential
for sensing whether the cells contacted by the ﬁlopodia were attractive
or repulsive targets. Tip FCs may be present or absent. Although addi-
tional FCs were present along the ﬁlopodial shaft, they were not essen-
tial to create a stable structure [53].
Whether an interaction occurred with a repulsive or an attractive
target, the initial contact was made by ﬁlopodia. When the ﬁlopodia
touched a non-target cell, the interaction caused the axon to turn
away. The repetition of such events leads to the guidance or axon path-
ﬁnding behavior. Upon contact, the ﬁlopodia froze along with forward
movement of the rufﬂing veil. The freezing of veil movement was ac-
companied by formation of one or more FCs in the mid-region of the
ﬁlopodium [52]. Conversely, the FCs were turned over in the mid-
region or shaft during continuous advance of the ﬁlopodia. Contact
with the target failed to affect rufﬂing outside of the contact area, so ex-
tension of ﬁlopodia and advance of the veil soon resumed in another
part of the growth cone (Fig. 2A). Growth coneﬁlopodia attached tightly
to an attractive target [52,54], as shown in Fig. 2B. A recent review of
contact inhibition [55] suggests that this process closely resembles the
pattern of contact inhibition seen in mesenchymal cells.
Given these parallels between cell types with regard to contact re-
sponse, it is possible that the periphery of all anchorage-dependent
cells resembles the nerve growth cone. Endothelial, epithelial, andmes-
enchymal cells all seem to ‘guide’ either on soluble signals or those from
ECM [56–58] (Amarachintha, unpublished data). To understand why
ﬁlopodiawere not identiﬁed as sensors in early studies ofmesenchymalcells, it is essential to understand the experimental conditions used. The
optical conditions of the microscopic studies were optimized for cell
tracking by time-lapse imaging, which would largely prevent ﬁlopodia
being seen. By deﬁning the phenotype of cells in lines that progressively
became tumorigenic during a long period of in vitro maintenance, our
group found that the ﬁlopodia were lost from transformed cells [8,13].
Combined with the knowledge of ﬁlopodia function in the growth
cone, this suggests a loss of the ﬁlopodia-mediated sensing.
2. Structural components of ﬁlopodia
To understand signal transduction by ﬁlopodia, it is useful to under-
stand actin ﬁlament dynamics. The WAVE/SCAR complex is composed
of ﬁve proteins: CYFIP (Pir121 or Sra1), Kette (Nap1 or Hem2), Abi (or
Abl interactor), SCAR (WAVE) and HSPC300. The mutation of SCAR/
WAVE in the Drosophila genome eliminated ﬁlopodia [44]. This
complex, along with Enabled/Vasodilator-stimulated Phosphoprotein
(Ena/VASP), mediates ﬁlopodia formation downstream of the insulin
receptor substrate IRSp53 [59,60]. WAVE2 may be kept in ﬁlopodia by
IRSp53 independent of the presence of Ena/VASP [59]. Ena/VASP
forms a homotetramer and binds to both actin and proﬁlin [61,62].
Ena/VASP, through its actin-bundling EVH2 domain, appears to inhibit
plus-end addition of capping protein [63]. Ena/VASP linkage of the
barbed end of the ﬁlament to the membrane enhances monomeric
actin addition to the plus end [65]. Mice lacking all three paralogs of
Ena/VASP suffered a blockade in cortical axon ﬁber tract formation,
which was caused by a failure of ﬁlopodia formation. When certain do-
mains were deleted, it also caused defective cortical dendrite formation
[64,65]. Thus, a parsimonious interpretation of the data would be that
one or more of the proteins, SCAR/WAVE complex [66], Enabled (Ena),
and IRSp53 [67,68], were essential for ﬁlopodia assembly, and that an
actin-bundling protein is needed to stabilize the core. A complex of
two or more of these proteins, bound to PIP2, may form a staging area
for ﬁlopodia initiation, possibly in cooperation with vinculin as men-
tioned above. Signiﬁcantly, Ena/VASP and IRSp53 remain on the mem-
brane unlike WAVE, which initiates actin polymerization but then
migrates centripetally with the actin of the ﬁlament [26].
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at 5–7 pN per ﬁlament. The total density of ﬁlaments underneath the
membrane may be in the range of 1/1000 nm2 [69]. Therefore, if a pro-
trusion at the leading edge had 100 uncapped ﬁlaments per μm2 each
exerting 5 pN of force, thiswould supply 500 pN/μm2 of polymerization
force or about the same as the 0.25 nN/μm2 found in reconstituted actin
comets in vitro [70] assuming that the latter is exerted by 50 uncapped
ﬁlaments. Biophysical studies that reported propulsive forces of the
leading edge gave a wide range of values, 20 pN [71] to 3 nN (reviewed
in [72]). Because of the phospholipids and proteins that make up the bi-
ological membrane, it is characterized by high surface pressure and
tight packing of molecules. Thus, membranes have a large resistance
to area changes imposed by stretching in the plane of the membrane
[73]. Due to their thinness, however, they have a small resistance to
bending, perhaps on the order of 2 × 10−19–10−18 J. This resistance is
greatly increased by membrane–cytoskeleton attachments. Although
the resistance to stretching was larger than the resistance to bending
[74], it still appears to be less than the protrusion force. The latter is,
however, dependent on the density of ﬁlaments. The membrane resis-
tance might be eliminated if membranes were expanded by exocytosis,
but it is difﬁcult to imagine this taking place in ﬁlopodia, which are de-
void of vesicles by electron microscopy. As shown below, binding of an
I-BAR protein to the membrane and well-coordinated ﬁlament assem-
bly may be necessary to overcome the membrane resistance.
Depletion of barbed-end capping protein by short hairpin RNA
caused an explosive formation of ﬁlopodia [75] emphasizing the re-
quirement for reducing capping at the plus ends [76]. This led to specu-
lation that a capping inhibitor such as the Diaphanous-related formin,
dDia2,might initiate ﬁlament growth in theﬁlopodium.Dia2 also serves
as a processive motor for actin polymerization [77]. The roles of several
key constituents are depicted in Fig. 3. The GTPases and FC constituents
are not shown, but their role in sensing is discussed below. Numerous
components that may be present but are not shown include Syndapin
I, Vav (a GEF for Rac and Rho), c-Abl (Abelson virus proto-oncogene),
Abl interacting protein (Abi), epidermal growth factor receptor
(EGFR), EGFR kinase substrate 8 (Eps8), ezrin/radixin/moesin (ERM),
rasGAPSH3 binding protein 1 (G3BP1), capping protein (CapZ), myosin
VIIA, Arp2/3, WAVE, and WASP.
In electron microscopic images, the tip of the ﬁlopodium shows a
perturbed interface with the actin core, as though structures were
slanting toward the side of the ﬁlopodium [93]. A radial orientation of
ﬁlaments in the ﬁlopodia may represent multiple sites for rapid actin
polymerization and/or machinery for integrating the ﬁlament with
actin-binding proteins, e.g. fascin, ﬁmbrin, or espin (see Fig. 3). It has
been proposed that the organization reﬂects two sites of ﬁlament initi-
ation, one at the side of the structure and another at the tip [94].
2.1. Filopodia dynamics
The core of the ﬁlopodium is composed of 12–20 ﬁlaments spaced
~12 nm apart [95]. These ﬁlaments are very stable as indicated by the
slow turnover times of actin after photobleaching [19,91], but there
are wide variations in the lifetime of whole ﬁlopodia. While following
a structural discontinuity in the substrate, ﬁlopodia remained in an
extending state for periods of 5–10 min in neuroblastoma cells [96],
and the ﬁlopodia in a growth cone could persist for 25 min or more
[97,98]. Lifetimes of ﬁlopodia in established, transformed cell lines
were comparatively short, 79–142 s [99], suggesting an abbreviated
lifetime which is consistent with the low prevalence of ﬁlopodia previ-
ously reported [8,13].
The dynamics of someﬁlopodia components depend onmyosinmo-
tors, the best known of which is myosin X. This myosin isoform moves
rapidly, ~0.1 μm/s, and accumulates at the tip [100]. Several proteins,
including the Rab effector MyRif, are mobilized to the ﬁlopodia tip by
movement on myosin VIIA, an isoform with a myosin tail homology 4
(MyTH4) domain and a band 4.1, ERM (FERM) domain [101]. AnotherFERM domain-containing protein, talin, binds myosin VIIA, and in
Dictyostelium associates with myosin VIIA on the plasma membrane
[102]. For processive movement, this myosin forms a dimer on the
membrane where its transport activity is facilitated by attaching cargo
[101]. Although fascin transport has not been described, its dynamic as-
sociation with the actin ﬁlament has been studied. Protein kinase C
alpha (PKCα) phosphorylates fascin at serine 39, decreasing the ability
of fascin to bind and bundle actin [103]. Nonphosphorylated fascin has
a half-time of turnover of 5–10 s [104]. The phosphorylated form
turns over even faster and disappears rapidly from the ﬁlopodia
[91,105]. The phosphorylation site, serine 39, binds to protein kinase C
at the C1B domain. Adams and coworkers propose that the phosphory-
lated form of fascin remains bound to PKC and facilitates the phosphor-
ylation of additional fascin molecules [106]. Fascin also works in a
coﬁlin-facilitated pathway to destabilize the actin ﬁlaments [107]. PKC
appears to have diverse effects. One, in which activating PKC causes
ﬁlopodia retraction, is consistent with a fascin-mediated destabilization
of the actin core [108–110]. However, studies of different inhibitors se-
lective for PKC found that either ﬁlopodia extension or retraction could
result [111,112].
There are indications that the non-receptor tyrosine kinase, Src, reg-
ulates some aspects of ﬁlopodia in the Xenopus neuronal growth cone.
Src and PAK (p21-activated kinase) colocalize in the ﬁlopodial tip com-
plex alongwith Cdc42, and both Cdc42 and Src are implicated in signal-
ing to tyrosine phosphorylation and PAK recruitment. Src-mediated
PAK activation coincides with the onset of actin assembly and protru-
sion [113]. Src activation is enhanced by removal of an inhibitory phos-
phate group by phosphotyrosine phosphatase 1B (PTP1B), which is
activated by calpain-mediated proteolysis [114]. Thus, calcium signaling
may regulate ﬁlopodia formation via the network shown diagrammati-
cally in Fig. 4.
A second role of Src is phosphorylation of the high conductance
voltage- and Ca2+-activated K+ (BK, also known as maxiK or slo) chan-
nel downstream of α5β1 integrin engagement [118]. BK channel pro-
teins are widely expressed in mammalian cells. Although the open
probability of the channel is greatly increased by Ca2+ orMg2+ synergis-
tically withmembrane depolarization, neither Ca2+ nor voltage is strict-
ly necessary for channel opening [119,120]. Phosphorylation by Src
increases the Ca2+ sensitivity of the channel and enables BK-mediated
membrane potential hyperpolarization in excitable cells [118]. BK chan-
nels are found in clusters and are often coupled to voltage-sensitive
Cav1.2 and Cav2.2 L-type calcium channels [121,122]. The small K+ con-
ductance channel, SK3, has also been localized in ﬁlopodia, and may be
involved in differentiation of dendritic spines [123,124]. Both BK and
SK channels are thought to open in response to Ca2+-triggered Ca2+ re-
lease from internal stores, causing spontaneous miniature outward
currents [125]. A third potassium channel, Kv4.2, was found at the
ﬁlopodia rootlet, where it may bind actin cross-linking protein, ﬁlamin,
and participate in the development of dendritic spines [126]. The physi-
ological role of all K+ channels in ﬁlopodia remains unknown, but it is
possible that theywork to speed up a response to changes in local [Ca2+].
It should benoted that there are dramatic differences in theﬁlopodia
of different cells and even between ﬁlopodia in different protrusions,
e.g. the dendritic shaft and growth cone [127]. Spontaneous ‘sparks’ of
ﬂuorescence in cells loaded with calcium-detecting dyes are more fre-
quent in depolarized dendrites [128], consistent with the greater fre-
quency of opening voltage-gated calcium channels (VGCCs). The
channels consist of a pore-forming alpha-1C subunit and three other
subunits. The beta subunit has a Src homology 3 and a guanylate kinase
domain and enhances functional membrane expression of the channel.
VGCCs such as L-type channels are insensitive to agents that stimulate
Ca2+ release from internal stores but are modulated by actin [129]. Dis-
ruption of the actin cytoskeleton decreases the calcium current through
VGCCs [130,131]. Combined with knowledge of the channels' arrange-
ment in hair cells (see below), this may point to actin-mediated an-
chorage of a channel subunit. Ca2+ inﬂux through the L-type channels
Fig. 3. Filopodia structure. A) Representation of components. Ena/VASP is represented as a clamp between ﬁlament and membrane. Ena/VASP binds to a PIP2 raft on the membrane
through a portion of the WH1 domain [78]. Proﬁlin binds PIP2 at the actin-binding group [79]. A separate proline-rich sequence-interacting domain of proﬁlin [80] binds both PIP2
and the proline-rich sequence of Ena/VASP [81]. Dia accelerates protein–actin association to barbed ends of the actin ﬁlament [82]. Dia binds proﬁlin [83], Ena/VASP [84], and the GTPases
Cdc42, Rif (Rho in ﬁlopodia), and RhoA. The I-BAR protein, IRSp53, binds PIP2 and is activated by Cdc42 or Rac1, causing convex bending of the membrane [85,86]. IRSp53 binds actin at
conserved basic patches 11 nmapart [87] and interacts directly through its Src homology 3 (SH3) domainwith actin regulators, Ena/VASP, Eps8,WAVE, andmDia [60,68,88].MyosinX is a
plus-end directedmotor [89]which carries Ena/VASP [90] and a number of FC components as cargo (see below). Fascin crosslinks ﬁlaments into a semi-ordered array [16,91]. B) Filopodia
match cells on the opposite epithelial sheets during dorsal closure in embryonic development [92], C, D) Tomographic views of sections through the ﬁlopodia from Dictyostelium and ﬁsh
ﬁbroblast, respectively [93]. Bar = 200 nm.
B and C reprinted with permission from Elsevier. D reprinted with permission from Nature Publishing Group.
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the reciprocal regulation of ion transport channels and cytoskeleton,
which is often modulated by PKC [133].
2.2. Ion ﬂuxes
In nonexcitable cells, the hyperpolarization of the cell caused by K+
efﬂux through the BK channel may provide a passive force driving Ca2+
entry through VGCCs or store-operated calcium channels [134]. Both
the L-type VGCCs and store-operated Ca2+ channels are dependentFig. 4. Calcium initiated activation of proximal effectors. Src has a regulatory role in integrin-me
ofmembrane-bound components, PAK and BK, aswell as phosphorylate paxillin [116]. BK is act
loop. Rab25 activation enhances exocytotic activity [117].upon activity of cyclic AMP (cAMP)-activated protein kinase A [135].
Since Ca2+ stimulates the production of cAMP throughCa2+-dependent
adenylate cyclases, it may cause positive feedback and further elevate
the [Ca2+]i. In growth cone regulation, both attractive and repulsive
turning rely on Ca2+ signaling since, in the absence of external calcium,
axons hardly ever show a chemotropic response [136–138]. As men-
tioned above, VGCCopening and closing cause oscillations in [Ca2+]i ini-
tiated by adhesion mechanisms or by soluble ligands activating
transient receptor potential (TRP) channels [139]. It is likely that the ef-
fect of adhesion on channel regulation is mediated by Src- and possiblydiated activation of downstreamevents [115]. In addition, Src activitymay cause activation
ivated downstream of Ca2+ butmay also enhance Ca2+ inﬂux creating a positive feedback
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ring in the vicinity of the FC [140]. VGCC channels are frequently
bound to FC components, as discussed below.
It is unclear how Ca2+ serves as a guidance cue. One ECM compo-
nent, tenascin, stimulated high-frequency ﬁlopodial Ca2+ transients
(2.7/min) and caused the appearance of more stable ﬁlopodia within
shorter axons. In cells attached to laminin, however, the Ca2+ transients
were less frequent (1.3/min), and promoted axon extension [141]. Ca2+
waves propagated in astrocytes caused the ﬁlopodia of neurons, in gap
junctional contact with the astrocytes, to turn toward the stimulus
[137]. Although this suggests positive tropism at the site of calcium in-
ﬂux, turning in the opposite direction has been described for Xenopus
embryo neurons, where the Ca2+ transients meant a repulsive signal
[141]. It has been reported that growth cone size and complexity are fa-
vored by higher [Ca2+]i elevations than those promoting rapid axon ex-
tension [142]. Tojima and coworkers found that, for almost all cues, the
Ca2+ concentrations are highest on the side facing the source of the cue
regardless of the direction of turning. They propose that high amplitude
Ca2+ produced by Ca2+ release from internal stores initiates turning of
the growth cone toward the side with the cue, whereas low-amplitude
Ca2+ inﬂuxes through theplasmamembranewhichdo not release Ca2+
from stores initiate turning away from the cue [143]. Because VGCCs
may be inactivated downstream of cyclic GMP (cGMP)-activated pro-
tein kinase G (PKG), cGMP elevation restricts calcium transport [135].
Most of the data are consistent with the hypothesis—that turning to-
ward a guidance cue requires vesicle trafﬁcking and exocytosis while
the repulsive response involves clathrin-mediated endocytosis of β1
integrin and asymmetric FC disassembly (Fig. 5).
Downstream effectors of calcium signaling, calmodulin-dependent
kinase II (CaMKII) and Ca2+/calmodulin-dependent protein phospha-
tase, calcineurin, are differentially activated by calmodulin. Calcineurin
and other high-afﬁnity binding partners are activated by low-amplitude
signals [144] while low-afﬁnity partners are mainly activated by high-
amplitude signals. CaMKII is assembled as a complex of 6–12 subunits,Fig. 5. Tojima theory of growth cone turning. Positive tropism is caused in part by vesicles augm
take of membrane on the side to which the growth cone turns. The processes are governed by
pancy. Ca2+ (red). Direction of vesicular trafﬁcking (arrow).
Adapted from [143].each one with an autoinhibitory domain at the active site which is
displaced by calmodulin. By displacing this domain, calmodulin exposes
a threonine residue that is a substrate for phosphorylation if there is a
catalytically active kinase subunit nearby. Therefore, high frequency
spikes of Ca2+ and persistence of the Ca2+ transient keep calmodulin
bound to the CaMKII complex [145]. The importance of CaMKII down-
stream of calcium inﬂux is reinforced by the ﬁnding that the kinase is
activated by the ligation of α5β1. The activation, which is required for
α5β1-mediated migration toward ﬁbronectin, is prevented by simulta-
neous αvβ3 integrin ligation [146]. Artym and Petty showed that β1
integrin is tightly coupled to theKv1.3 voltage-gated potassium channel
[147], offering a mechanism for FC- and integrin-mediated signaling.
Integrins modulate virtually every aspect of behavior in anchorage-
dependent cells, including differentiation, migration, establishment of
polarity, growth, and survival [148], and they are discussed further
under Filopodial FCs.
The Tojima hypothesis of growth cone guidance leaves many ques-
tions unaddressed. How is directional persistencemaintained in the ab-
sence of tropic signaling? Do ﬁlopodia and directional persistence
depend on the absolute [Ca2+]i and the directional gradient of Ca2+,
as well as the frequency, amplitude, and duration of spikes in Ca2+ con-
centration?Moreover, some effectsmay dependon Ca2+ inﬂux through
a speciﬁc channel [149]. For example, the inﬂux of calcium through the
VGCC channel causes it to close due to the calmodulin bound to the
alpha-1C IQ (calmodulin-binding) motif. In the absence of calcium,
Ca2+-binding protein (CaBP1) can still modulate channel gating
[150,151]. Another complication is that Ca2+ levels regulate Ras ex-
change factors, Ras-GRF andRas-GRP, leading to activation of Ras signal-
ing downstream of calcium [152]. Thus, understanding calcium as a
second messenger may require knowledge of the localization of chan-
nels, as well as both Ca2+-binding proteins and their effectors.
Furtherworkwill be needed in order to relate each of the abovemech-
anisms to discrete cellular responses. For example, Ca2+ elevation some-
times promoted an increase in ﬁlopodia length or number [153–155]enting themembrane through exocytosis. Negative tropism is attributed to endocytic up-
Ca2+ inﬂux and cyclic nucleotide production downstream of receptor and integrin occu-
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ing that endocytosis is enhanced downstreamof Ca2+ inﬂux [157]. Sim-
ilar to the model of Fig. 5, exocytosis is reportedly essential for neurite
extension [158]. These results are difﬁcult to interpret, however, with-
out a solid understanding of vesicle trafﬁcking effects on ﬁlopodia.
2.3. Filopodial FCs
Filopodia mediating dorsal closure during embryonic development
appear free on the edge of the epidermal cell edge. This is exceptional,
because ﬁlopodia elsewhere including those of cultured mesenchymal
and epithelial cells are attached to ECM components. Here, signal
transduction may rely upon integrin-activated ion channels associated
with FCs. Integrins include 18 alpha and 8 beta subunits, with one of
each type of subunit assembling into various heterodimers. Each
heterodimer is thought to have one of two conformations: inactive
(closed, bent) or active (open or ligand-binding).When ligated by bind-
ing to ECM components, the change to open conformationmakes the in-
tracellular domains of the molecules available to protein binding
partners [159]. The ligation and clustering of integrin heterodimers
occur where ECM components are in close proximity to each other or
contain multivalent ligands. An FC contains a subset of some 100 possi-
ble protein components besides the integrins [160]. Since each may
have multiple binding partners, the FC has a great number of possible
states [161]. Its size and complexity are obvious from 3D images taken
by tomographic electron microscopy (Fig. 6).Fig. 6. FC assembly and structure. A) Localization of actin (left panel) compared to vinculin (r
right and left (left panel, arrows). At certain points on the cell edge, vinculin occurs in dots not a
B, C) Structure of the FC in a 3D reconstruction by transmission electron microscopy. B) Viewing
thickening at themembrane, and short ﬁlaments emerge from it. At left, there are linear repeats
elements on themembrane, probably integrin clusters, are seen (arrows). At left, a curved struc
the “open” conformation of integrin include the protein tyrosine kinase, FAK. A ubiquitously exp
(FAT) domain, a central kinase domain andproline-rich regions. Upon phosphorylation at Tyr397
domains are vinculin and talin. There is some evidence of plus-end integration of actin in the FC
D, adapted from [162].The adaptors talin and vinculin are common components. The re-
cruitment of talin to integrin is facilitated by PIP2-talin binding [163].
Talin has multiple actin-binding domains and, by linking integrin to
actin, plays an important role in FC maturation [164]. Although many
actin-binding proteins colocalize with actin ﬁlaments, vinculin and
talin can also be found in isolation from ﬁlamentous actin (Fig. 6). It is
debatable, however, whether plus-end nucleation of actin ﬁlament po-
lymerization occurs at the FC [165].
During cell spreading, the β1 subunit of integrin binds many part-
ners including PKCα [166]. Some of the proteins bound to integrins
are shown in Fig. 6. It has been suggested that VGCCs associatewith spe-
ciﬁc integrins, and their association can either inhibit or potentiate the
Ca2+ L-type current [167]. Consistent with CaMKII effects above (see
Ion ﬂuxes), ligation of αvβ3 integrin inhibited Ca2+ current whereas
α5β1 integrin had the opposite effect [168]. Likewise, chemoattraction
was switched to chemorepulsion by cAMP inhibitors [169] or by agents
blocking L-type Ca2+ channels [170]. Thus, it is likely that VGCCs, calci-
um currents, and activated integrinswork coordinately tomodulate sig-
naling in the ﬁlopodia. In addition to VGCCs, many other channels
including voltage-gated K+ channels, inwardly rectifying K+ channels,
and Ca2+-activated K+ channels are associated with integrin ligation
or clustering [171].
Calpain activation is implicated in microtubule-mediated turnover
of adhesive complexes [171]. Calpain-2, also known as m-calpain, is
thought to mediate proteolysis of talin [172], FAK [173], and paxillin
[174]. Although it would appear logical that inhibiting calpain wouldight panel). The proteins are colocalized at the cell edge as shown in the actin bundles at
ssociated with actin (arrowhead), as reported previously for other actin-binding proteins.
the FC from above shows the asymmetry in structure. At the right, there is an amorphous
of streak-like constituents. C)With further tilting in the plane of the section, stained, linear
ture forms a bracket on the cable (arrowhead). D) Components of the FC that are bound by
ressed tyrosine kinase, FAK contains a FERM domain, a C-terminal focal adhesion-targeting
, FAK generatesmechanical tension at the nascent FC [162]. Componentswith actin-binding
, but no evidence that actin is added to the ﬁlament at the FC (reviewed in [14]).
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tion, extension of lamellipodia, and cell spreading [175]. The paradoxi-
cal effect on cell adhesion suggests that some aspects of FC dynamics
are not well understood [176]. Moreover, fascin-overexpressing cells
in which PKCαwas down-regulated showed increased spreading, rath-
er than the reduced spreading thatmight be expected to result from the
inability to turn over the cross-linked actin core of the ﬁlopodia [177].
Certain components of the ﬁlopodial FCs are well documented. Ena/
VASP and PIP2 cooperatively enhance vinculin recruitment at FCs [178].
In cells transfectedwithmyosin X, it transported p130Cas, vinculin, and
FAK to the tip [179]. Gustavsson and coworkers propose that talin and a
Crk–p130Cas–DOCK180 scaffold are present in the tip FC. Crk is an
adaptor, p130Cas is Crk-associated substrate, and DOCK180 (Dedicator
of cytokinesis) is an atypical GEF. Integrin β1 chains and vascular endo-
thelial (VE) cadherin are also carried as cargo bymyosin X [180,181]. In
cells expressing integrin β1B, an isoformwhich is defective in FC forma-
tion, talin was still recruited to the ﬁlopodia FCs but FAK, paxillin, and
vinculin were not. The FCs in keratinocyte ﬁlopodia, like those else-
where in the cell, were found to contain Ena/VASP, vinculin, talin,
tensin, and zyxin [182]. The selection, recruitment, and turnover of the
channel and FC components are perhaps the least-understood aspects
of ﬁlopodia dynamics.
Are ﬁlopodial FCs of epithelial cells like those of the growth cone?
We localized paxillin, Dia2, and vinculin by ﬂuorescence microscopy,
but observed them infrequently in ﬁlopodial FCs. Since the FCs are
small, however, the amounts of protein present may have yielded too
weak a ﬂuorescent signal to be visualized. An anti-phosphotyrosine an-
tibody gave a strong signal at ﬁlopodial FCs. Two common arrange-
ments were seen: 1) FCs at tip, shaft, and base and 2) FCs only at tip
and shaft. Two-thirds of the ﬁlopodia showed one of these patterns. A
pattern of FCs only at the base and mid-region was rarely seen
(Fig. 7). The low representation of ﬁlopodia with this pattern was dis-
similar to results from growth cones, where FCs appeared more labile
at the tip than at the base (see Drivers of protrusion physiology). It is
possible that an FC at the base was essential for ﬁlopodia protrusion. If
an FC at the tip was also important for elongation, ﬁlopodia with FCs
only at the base and mid-region or only at the base would be transient
and rarely seen. In epithelial cells, it appears that the base FC could be
absent and the ﬁlopodium persist with only tip and mid-region FCs.
Filopodia that lacked obvious FCs were very rare, suggesting that their
disintegration led to disappearance of the ﬁlopodia. Dephosphorylation
of tyrosine, however, would also render the FCs invisible in the samples.
A few residual integrins at the FC may ensure a persistent attachment,
asmeasurements of the force required to break a single integrin attach-
ment suggest that each exerts ~10–30 pN of force [183,184]. The above
suggests that, like in the growth cone, FCs are regulated differently in
various sites along the ﬁlopodia of epithelial cells. Turnover of the FCsFig. 7. Images from the edge of phosphotyrosine stained IAR20PC1 liver cells. A) Filopodia at left
gated adhesion plaque interior to its basal FC (double arrows). Two ﬁlopodia in the center have
the FCs are densely stained (arrows) and at right, they areweakly stained (arrowheads). C) Two
basal FC. E) A ﬁlopodium showing three FCs at mid-region and base. A) Bar = 1 μm, B–D) Barat tip and base may well differ in the two cell types, however. Since
ﬁlopodia may depend on the formation and dissolution of FCs, the
poor understanding of FCs is a barrier to understanding the ﬁlopodia
as sensors.
3. Other actin-based mechanosensory protrusions
Filopodia contain some of the same proteins as vertebrate hearing
organs, osteocyte dendritic processes, and insect organs called type I
mechanosensory organs. In this section, we review common features
of such sensors. A general understanding of the sensory appendages
known in nature may illuminate the sensing function of ﬁlopodia.
3.1. Stereocilia
Insight into organization of an actin-based sensor can be gained by
studying the stereocilia, which may be orthologous structures to
ﬁlopodia. Despite being called stereocilia, these sensors are extensions
of the hair cell that have no microtubule components. The hairs are or-
ganized into a V-shaped array and are easily deﬂected toward the apex
of the “V” but not toward the open end of the “V”. This array has a true
axoneme-based kinocilium at the apex. The core of each hair contains
dozens of parallel actin ﬁlaments which are relatively static, at least in
part, because actin cross-linked by espin is subject to slow turnover
[185,186]. The ﬁlaments are crosslinked by espin, ﬁmbrin, and/or fascin
(Table 2).
The sensory function is maintained by tip links as well as lateral and
ankle links, which physically connect each of the shorter stereocilia to
an adjacent longer one. The adaptation of ion channel opening is regu-
lated by myosin-1c at the tip link whereas myosin VIIA is localized to
the ankle link (reviewed in [208]). The stereocilia are bathed in the
ﬂuid of the cochlear endolymph, whereas the rest of the cell is
surrounded by perilymph. This elaborate organization allows the cell
to detect tension generated by sound waves in the cochlea. When the
stereocilia move toward the apex, channels associated with the tip
links open allowing entry of K+ and Ca2+, the predominant ions of
the endolymph. The channels are probably composed of a transmem-
brane channel-like protein [209]. The mechanism depolarizes the cell
but relies on K+ ﬂux rather than the Na+ and Ca2+ ﬂuxes that are the
basis for most sensory signaling. The channels progressively close as
the stereocilia bend back. Although there is little if any K+ concentration
gradient across the outer hair cell membrane, the membrane potential
across themembranes provides a large driving force for K+ causing pas-
sive ﬂow through the channels. Where the cell is surrounded by peri-
lymph, which is low in [K+], the cell potential is −45 mV whereas its
potential with the endolymph is +80 mV. Thus, the driving force forand right show FCs in the tip, mid-region, and base (arrows). One ﬁlopodium has an elon-
only a few, small FCs (arrowheads). B) Two ﬁlopodia show FCs at their tip and shaft. At left,
ﬁlopodia showing FCs at tip (asterisks) and shaft only. D) A branchedﬁlopodiumwithout a
s = 2 μm.
Table 2
Actin-binding proteins common to sensory protrusions.
Protrusion Protein family
Fascin/
singed
Plastin-1/
ﬁmbrin
Espin/
forked
Myo7/
shaker-1/
crinkled/
mariner
Myosin X/
myosin XVa/
shaker-2
Hair cell stereocilia [187,188] [189–191] [192–194] [195–197] [198]
Spermway stereocilia n.d.a [199,200] [201] n.d. n.d.
Filopodia [92,202] [202] n.d. [102] [91,203]
Insect sensilla [204] n.d. [204,205] [206,207] n.d.
a n.d. = not determined.
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nels at the synapse is discussed below.
3.2. Osteocyte processes
The bone presents a unique context for mechanosensory signaling.
While embedded in a pericellular matrix, osteocytes must sense the
magnitude of applied, cyclical mechanical load. This function is served
by dendritic processes of the osteocytes, which maintain communica-
tion by gap junctions, forming an interconnected signaling network in
the canaliculi of the bone. Mechanical loading releases second messen-
gers such as ATP and prostaglandin E2 (PGE2) from these processes into
the extracellular space (reviewed in [211]). The molecules are released
through hemichannels, the un-opposed halves of gap junction channels,
which open in response to mechanical stress (Fig. 8). The channel pro-
tein, connexin 43, binds to integrinα5 in anα5β1 heterodimer. One ex-
planation for how cells sense the load is that potentials are generated by
the ﬂuid ﬂow shear stress caused by tissue ﬂuid circulating through the
canaliculi surrounding the osteocytes. The role of calcium in the process
is debatable [213] (reviewed in [212,214]). Mechanical loading applied
to either the cell body or the dendrites causes hemichannel opening on
the osteocytes. Since signaling occurs upon stimulation of the dendrite
alone, sites of attachment to ECM are essential for hemichannel openingFig. 8. Hypothetical role of hemichannels in ﬂuid ﬂow shear stress (FFSS). A) In the ab-
sence of mechanical stress, hemichannels remain closed, whereas gap junctions are kept
open. B) With FFSS, the hemichannels open. C) PGE2, ATP, and possibly other factors,
such as GTP and NO (nitric oxide), are released into canaliculi.
Adapted from [212].and depolarization of the dendrite [215]. The dendrites also show β3
integrin in a pattern of punctate, “string of pearls” contacts with ECM.
Since the permeability of the hemichannel is dependent upon integrin
ligation, the integrin is thought to act as a mechanical tether [216].3.3. Type I mechanosensors of invertebrates
Although they consist of several cells, bristle shaft sensory organs of
invertebrates may be regarded as orthologous to the hair cell. They be-
long to a large class (Type I) of mechanosensors of the peripheral ner-
vous system. The external sensory (ES) bristle organ contains a
cuticular shaft or bristle along with its support cells. By making contact
with the dendrites of one ormore bipolar neurons, the bristle transmits
a signal upon deﬂection by touch or airﬂow. In Drosophila, the shaft
reaches its ﬁnal diameter during pupal development but continues to
elongate to a length of ~70 μm. The sensory cell contains a ciliary struc-
ture including a short axoneme. Themajor connection between this cil-
ium and the cuticular attachment is a microtubule-rich zone called the
tubular bundle (Fig. 9). The ciliary outer segment and the membrane
enclosing it are compressed by the extracellular dendritic cap, which
in turn is compressed by the bristle shaft. Thus, the shaft ampliﬁes the
movement of the dendritic cap at the terminuswhere it ﬁts over the tu-
bular bundle.
Similar principles of signal transduction are employed in the
campaniform receptor and the chordotonal organ of the ﬂy [218]. The
chordotonal mechanosensor resembles the bristle organ in many re-
spects. The actin bundle of the bristle cell is initiated by WAVE down-
stream of the membrane-associated actin ﬁlament-binding protein,
Abp1, and Arp2/3. Knockdown of Abp1 gave a phenotype with kinks in
both microchaetes and macrochaetes [219]. Interestingly, the plant tri-
chome shows abnormalities from mutations in Scar/WAVE and Arp2/3,
which have a similar distorted phenotype [220]. In the bristle organ,
the actin bundle is disassembled during development, leaving the ma-
ture bristle empty [221]. Therefore, the actin bundle precedes and serves
as a template for the cuticular structure in the ES mechanosensor. Al-
though it appears to share similarities with other sensory protrusions,
relatively little is known about signaling in the plant trichome.Fig. 9.TheES abdominal bristle organ. Thebipolar sensory cell beneath the cuticular bristle
contains a connecting cilium. This has a short axoneme (blue) which is integrated with a
more distal microtubule bundle called the tubular bundle. The transduction channel
NOMPC, also called TRPN, is localized to the dendritic sheath (green) and the hollow
tube called the dendritic cap (red).
Adapted from [217].
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of themicrotubules in the tubular body, which are connected to the den-
dritic membrane by ﬁne attachment ﬁbers called membrane-integrated
cones [222]. The stimulus causes opening of ion channels that are directly
gated bymechanical force and inﬂux of K+ and Ca2+ ions. Type I sensory
dendrites of the ES organs are bathed in endolymph containing K+ and
Ca2+, which is secreted by the bristle and socket cells. It should be
noted that this arrangement is a common one in invertebrate mechano-
receptors including strain receptors [223].Mutations in the TRPNchannel
gene, NompC, lead to absence of bristle response to mechanical stimula-
tion. SinceNompC is localized at the tips of themechanosensory cilia, it is
thought to encode the mechanically sensitive ion channel [217,218].
The stretch-receptive chordotonal organs bear some similarity to the
bristle organ although they lack any external parts. These complex
structures contain segments called scolopidia and are found in the ab-
dominal hemisegment, leg, wing, and haltere where their function is
proprioception. The antennal organ inDrosophila, Johnston's organ, con-
tains many more scopodidia than the proprioceptors and is specialized
for hearing. When joint rotation occurs in the antenna, it causes chan-
nels of the sensory dendrites to open. Each scolopidium is composed
of two sensory neurons supported by two other cells. The dendritic
terminal is surrounded by a cap cell and the ciliated portion by a
scolopale cell (Fig. 10). Like the vertebrate cochlea and the ES organ,
the scolopidium encloses a space ﬁlled with a potassium-rich ﬂuid.
The scolopale cell, which produces spindle-shaped cages called
scolopale, encloses a cavity around the ciliary outer segment of the den-
drite. The scolopale consist of bundled actin structures, the scolopale
rods, which when bent exert pressure on the ciliary outer segment of
the dendrite. Mechanical stimulation of the ciliary outer segment by
contact between the dendritic cap and the dendritic sheath or scopopale
causes depolarization and synaptic transmission.Fig. 10. Organization of Johnston's organ (JO) on the ﬂy antenna. Sensory units respond to rota
joints a2 and a3. B) Joint rotation exerts stress on the scolopidia. C) Position of scolopidia in the J
by the scolopale cell, is ﬁlled with an endolymph rich in potassium ions.
Adapted from [224].It is likely that stress exerted by bending the actin bundles of the
scolopale rods drives the mechanosensory function. Parallel ﬁlaments,
cross-linked by proteins that increase the mechanical strength of the
actin bundle, are typical of all four sensory structures discussed above.
As far as is known, more than one type of cross-linking protein is
present in each such structure. Because of the common principles of
bundling and channel opening, genes encoding components of the
Type I mechanosensory organs are likely to cause a loss of hearing in
mammals (Table 2).
4. What properties are essential in a sensory protrusion?
A comparison of actin-based sensors in the plant and animal king-
doms reveals shared characteristics and components, which are sum-
marized in Table 2. This fact argues that their common features are
important to the sensory function.
4.1. Actin bundle rigidity
Since ﬁlopodia mediate recognition of ECM components and cellular
landmarks in nerve guidance (see Protrusion physiology), they may be
classiﬁed as actin-based sensors. Asmentioned above, hair cell signaling
appears to depend upon the stiffness of the actin bundle. Investigators
modeling the physics of ﬁlopodia believed that 10 or more actin ﬁla-
ments must be bundled to overcome membrane resistance and permit
protrusion. For ﬁlopodia with between 10 and 30 ﬁlaments, the bun-
dlingwas thought to overcomemembrane resistance and allow thepro-
trusion to be initiated. The length of the bundle with 10–30 ﬁlaments is
limited by buckling and increases proportional to the ﬁlament number
[225,226]. Cross-linkers like fascin confer resistance to appliedmechan-
ical deformations upon the bundled ﬁlaments [227]. Thus, it is likelytion between joints a2 and a3. Only a few of the many scopidia are shown. A) Location of
O. D) Cutaway viewof the sensory unit. The space around the dendrites, which is encircled
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ion channels. The design of the ﬁlopodia ensures that their stiffness
can increase by orders of magnitude upon application of external stress
(reviewed in [228]). Thus, a common theme is that crosslinked actin
is required for stiffness which is in turn essential to initiate sensory
signaling.
4.2. Cargo-carrying myosin isoforms
A second feature that typiﬁes the protrusions is their reliance upon
transport mediated by myosin motors. This could offer two advantages.
The obvious one is that the length of the elongating structure may out-
pace the rate atwhich components can diffuse to the tip. Secondly, if cer-
tain FC components come into contact with each other, they may self-
assemble or stick to the ECM preventing them from reaching the tip.
Filopodia show some of the samemotor proteins that are present in ver-
tebrate hair bundles and insect type I mechanosensory organs. As in the
ﬁlopodia, Ena/VASP is transported in the stereocilia but is carried bymy-
osin XVa instead ofmyosin X (cf. Table 2 and Fig. 3). Themammalian ho-
molog of theDrosophila crinkled gene,myosin VIIA [229], is a component
of the hair cell, and its mutation causes the human Usher 1B deafness
syndrome [230]. Myosin VIIA, which in mammalian cells attaches cargo
to the membrane, anchors a component of the dendritic cap to the an-
tenna a2/a3 joint in Johnston's organ [231]. Talin is known to be bound
to themembrane in a complexwithmyosin VIIA, and it may be similarly
anchored in ﬁlopodia. Since talin could come to the tip transported on
myosin VIIA, it might then bind β1 integrin, transported on myosin X,
and seed FC formation at the tip of the ﬁlopodia.
4.3. Ion ﬂux as a mode of signaling
The third unifying theme for mechanosensors is the reliance upon
ion ﬂuxes for signaling the sensation. In the ﬁlopodia, stereocilia,
and ciliated dendrites, ionic signaling appears to be the ﬁrst stage
of signal transduction. To what extent is ﬁlopodia sensory signaling
dependent upon ion ﬂuxes? In contrast to the stereocilia and type I
mechanosensors, where signaling depends on depolarization, the
mechanism of ﬁlopodia signaling is unknown. It may rely upon calcium
inﬂux through integrin-associated channels. The process of integrin li-
gation could regulate potassium and calcium ﬂux, and thereby contrib-
ute to mechanotransduction. Clustering of αvβ3 integrin activates BK
channels [232], while α5β1 integrin is known to activate both L-type
Ca2+ and BK channels. In smooth muscle cells, this activation requires
the phosphorylation of a channel subunit by Src [233]. There is as yet
no evidence that BK and calcium channels are physically coupled in
the ﬁlopodial membrane. In the hair cell, however, these channels cre-
ate ‘hot spots’ of 80–90 channels at the base of the cell near the synapses
[234]. Considerable crosstalk among integrin heterodimers is also
found. Thus, for ﬁlopodia and for the whole cell, the reciprocal regula-
tion of integrins and channel activation makes it difﬁcult to dissect the
physiological basis of changes in FC dynamics and cell adhesion.
4.4. Remaining questions
Filopodia assure cell persistence in directional locomotion (reviewed
in [9]) and, in anchorage-dependent cells, they may well be the main
persistence mechanism. In the future, we must learn how signals from
ﬁlopodial FCs are transduced to steer the cell. Does transduction rely
on a speciﬁc pattern of calcium signaling? Is there a unique pattern of
calcium-activated and calmodulin-dependent changes in proteins that
operates, for example, to ensure persistent extension of ﬁlopodia?
Since integrins can clearlymodify calciumavailability in a limited subcel-
lular locus, is this their role in ﬁlopodial signaling? Experiments should
be done to explore the implications of coupling between integrins and
ion channels. The tip FC appears to transmit information upon encoun-
tering a potential target, and perhaps it can be assumed that the tip FCis a sensor. There is little understanding of how it differs from other
FCs or of the organization of components that makes the signaling
from this FC unique. Moreover, it is not knownwhether all environmen-
tal cues are sensed at the tip FC orwhether some responses rely on FC ad-
hesions throughout the length of the ﬁlopodium. Finally, attempts
should be made to explore the possibility that environmental cues
sensed at one ormore ﬁlopodial FCs are transmitted over a long distance.
It is thought that the cell can integrate signals coming from different
quarters through an integrated actin ﬁlament structure (reviewed in
[235]).
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